We studied the effects of prenatal protein malnutrition on visual discrimination learning in males of Petaurus breviceps using a Lashley box. Gliders were malnourished or adequately nourished during the prenatal period when their mothers received diets containing low (8%) or adequate (32%, controls) amounts of a protein (casein) throughout pregnancy. The mean weight of adequately nourished neonates was significantly higher (0.47 g Ϯ 0.05 SE) than malnourished neonates (0.31 Ϯ 0.02 g). Animals were first trained to discriminate between black or white stimulus cards affixed to 2 hinged doors. Second, cards containing horizontal or vertical stripes were presented. Finally, cards containing a circle or a square were presented. Gliders received food if they pushed through the door with the correct stimulus card and jumped onto a vertical platform. Malnourished (low-protein) subjects made significantly more errors on all tasks. Analyses of covariance indicated that differences in performance were not a function of body weight.
Previous research has shown that gestation represents a vulnerable period for effects of malnutrition on the developing brain in mammals. During this period malnutrition can lead to adverse effects on neurogenesis and synaptogenesis (Morgane et al. 1992) , the degree of dendritic arborization, and neurotransmitter synthesis Scalzo 1992) , as well as on subsequent motor performance (Galler 1994; Punzo and Chavez 2003) and learning processes (Punzo and Torres 2003; Wenk 1992) . One type of learning task that appears to be especially sensitive to malnutrition involves visual pattern discrimination (Castro and Rudy 1989) . Most studies have been conducted on inbred laboratory strains of postnatal house mice and Norway rats, with little data available for other species (Galler 1994; Smart 1990) .
There is little information available on * Correspondent: fpunzo@ut.edu visual discrimination learning in animals malnourished solely during the prenatal period (Galler 1994) . Jaiswal et al. (1989) reported impaired brightness discrimination in the offspring of female rats maintained on a restricted food regime during pregnancy. Similar findings have been reported for hamsters and gerbils (Gormezano and Wasserman 1998) . These investigators, however, did not address pattern discrimination, a task that is considered to have greater ecological relevance to most mammals that possess adequate visual capacities (Davey 1989) . The sugar glider, Petaurus breviceps, a marsupial pollinator, is found in New Guinea and eastern and northern Australia (Strahan 1995) . Adult males and females exhibit head and body lengths ranging from 160 to 210 mm, and body weights of 115 to 160 g for adult males and 95 to 135 g for females (Smith 1973) . They are arboreal, and are typically found in open forest areas where they move around woodland areas by gliding between trees and saplings (Jackson 2000a) . Gliders are strongly nocturnal, although they have been reported to forage during early morning and late afternoon (Kortner and Geiser 2000) . They are omnivorous and feed on gum produced by acacias (Acacia terminalis), sap, nectar, pollen, small insects and arachnids, and small vertebrates (Smith 1973 (Smith , 1982 . Most share a common nest and live in social groups containing up to 7 adults and their young (Henry 1985) . In natural populations, breeding typically begins in June or July with each female producing 2 young that stop feeding from the pouch at 66-72 days of age (Jackson 2000b) . Young leave the nest for extended periods when they are 110-120 days old, and begin to forage with their mother (Flannery 1995) . They rely primarily on visual, auditory, and olfactory stimuli to locate their food (Carthew 1994; Stoddart 1994) .
This study was designed to assess effects of prenatal protein malnutrition on visual discrimination learning in P. breviceps. To our knowledge, no data are available on effects of malnutrition on behavior in this marsupial. In addition, there are no experimental studies on learning for this species. Indeed, few studies on learning and memory exist for marsupials in general (Davey 1989; Gormezano and Wasserman 1998) .
MATERIALS AND METHODS
Animals and nutritional treatment.-Animals were obtained from a captive-bred population started in April, 1999, using 7 males and 7 females obtained from Rainforest East, Inc. (Tampa, Florida). Original stocks were obtained from animals collected in Brazil in 1997. Because gliders readily breed in captivity (Macpherson 1997) , we used a modification of protocols commonly employed by breeders (protocol approved by the University of Tampa, Animal Care and Use Committee); we were also in compliance with guidelines of the American Society of Mammalogists. Animals were housed in vinyl animal cages (2 by 2 by 1.5 m) at 22-23ЊC, 60%-70% relative humidity, and a 12:12-hr white : red light cycle. Each cage contained a total of 6-8 animals of each sex. Animals were provided with food and water ad libitum. Water bottles with licking tubes contained a multivitamin and mineral supplement (Vionate Multivitamin and Mineral Drops, Gimborn Zoo Med, Wayzata, Minnesota) added to the water. Gliders were fed a commercial diet (Southland Products, Inc., Lake Village, Arkansas) that contained casein as the only source of protein. Gliders have thrived and bred successfully on this diet in our laboratory.
At 5 months of age, males and females were selected at random and divided into 28 breeding pairs. Animals were randomly assigned to 1 of 2 nutritional treatment groups. In the 1st group (well-nourished controls), 14 breeding pairs were fed ad libitum on a diet (D-267, Southland Products, Inc.) consisting of 32% casein as the only source of protein. This represents an amount of protein that is normal for laboratory animals. The second group (malnourished), also with 14 breeding pairs, received a diet containing 8% casein. These diet regimes were maintained for 5 months. These concentrations were chosen based on nutritional studies with murid rodents (National Academy of Sciences 1978; Zartarian et al. 1980) .
At 40-42 weeks of age, 12 of 14 mated females fed 32% casein had given birth to litters; 10 females receiving 8% casein gave birth. All litters consisted of 2 neonates. Young from females receiving the 8% or 32% casein diet were designated as malnourished and controls, respectively. Beginning on day 4, neonates were removed from the pouch and weighed daily, until they reached 66-72 days of age when they no longer fed at the pouch. One of us (FP) had observed higher mortality rates for neonates that were removed from the pouch before they reached 4 days of age. After weaning, both groups were maintained ad libitum on 32% casein diet and had access to water and vitamin and mineral supplement at all times.
Young gliders were housed in same-sex pairs in polycarbonate animal cages (45 by 35 by 15 cm). Temperature, relative humidity, and photoperiod regime was the same as that described above. Behavioral testing occurred in white light during the red light phase of the 24-h cycle. The animals were given a period of 20 min to adapt to white light prior to each test session.
Behavioral testing.-Testing was initiated on males at 3 months of age. Nine malnourished and 9 control animals were randomly selected for testing. Each glider was handled for an average of 10 min per day for 1 week prior to testing. They were tested in a Lashley box which has been described in detail elsewhere (Galler and Manes 1980; Lashley 1930) . Briefly, it consisted of a black vertical backboard (90 by 102 cm) constructed of clear plastic. Two square openings (12 cm in width and height; 8 cm apart) were cut into the backboard and fitted with hinged doors that could be pushed against to allow a subject access to a landing platform (15 cm high and 12 cm wide) located at the back of the apparatus. The base of the platform was 20 cm from the doors.
Visual discrimination testing followed the procedure described by Castro and Rudy (1989) with rats. Gliders were initially trained for 1 week to push through the openings leading to the platform. Once they approached the base, they were gently lifted onto the top of the platform where they could feed on a 0.25-g food pellet consisting of commercial rabbit chow (Ralston Purina, St. Louis, Missouri). By the 4th day, all subjects had learned the location of reinforcement and jumped to the top of the platform on their own.
During testing, 10 trials were conducted daily on each subject. Animals were required to discriminate between different stimuli on the 2 doors by pushing through the correct door in response to the visual cues in the form of stimulus cards. Cards were attached in front of the correct and incorrect door. They were either black-and white-painted rectangles that completely covered the surface of the doors, rectangles that contained either vertical or horizontal black stripes on a white background (stripe width and distance between stripes was 7 mm), or black circle or square painted on a white background. The door chosen as the correct or incorrect door for each trial was selected using a table of random numbers. If the subject chose the correct door, it could obtain a food pellet when it jumped onto the platform. No pellet was placed on the platform if the subject pushed through the incorrect door.
Animals received 3 discrimination tests as follows: black or white door (white ϭ correct door); horizontal or vertical stripes (vertical ϭ correct door); and circle or square (square ϭ correct door). Each subject received 10 trials per day for a maximum of 10 days for each discrimination task. The criterion for visual discrimination learning was defined as 90% correct responses (or higher) on any 1 day. When this was achieved, each animal was transferred to the next discrimination task on the next day. If a subject did not reach this criterion by day 10 it was considered to have failed to exhibit discrimination learning and given the maximum score of 10 days.
Statistical analysis.-All statistical analyses were conducted using SAS/STAT (SAS Institute 1988) and followed procedures described by Sokal and Rohlf (1995) . Bartlett's test (homogeneity of variance) and a Kolmogorov-Smirnov test for goodness of fit showed that the data met assumptions for parametric tests. Body weight differences between the 2 nutritional groups at birth and at 3 months of age were compared using one-tailed Student t-tests as described by Galler and Manes (1980) . Performance on discrimination tasks was recorded as number of days and total number of errors to reach criterion. One-way analysis of variance (ANOVA) was used to compare the 2 nutritional groups on the total scores for 3 tasks and on each specific discrimination task. An analysis of covariance (ANCOVA) was used to control for any effects attributable to body weight differences.
RESULTS
The weight of controls at 4 days of age was significantly higher than that exhibited by the malnourished group. The mean weight for controls was 0.47 g Ϯ 0.05 SE as compared to 0.31 Ϯ 0.02 g for malnourished animals (t ϭ 4.13, d.f. ϭ 16, P Ͻ 0.01). At 3 months of age, mean weights for controls (148.3 Ϯ 11.8 g) and malnourished males (120.2 Ϯ 8.7 g) was also significantly different (t ϭ 3.72, d.f. ϭ 16, P Ͻ 0.01).
Overall performance.-All animals learned 3 visual discrimination tasks with food as a reinforcement (Table 1 ). The number of days to meet the criterion was summed for the 3 discrimination tasks to yield a total days-to-criterion score (Lashley 1930) . ANOVA showed that controls required significantly fewer days to meet the criterion as compared to their malnour-TABLE 1.-Number of days for 3-month old sugar gliders (Petaurus breviceps) to meet the criterion to learn 3 visual discrimination tasks. Gliders were assigned to 2 nutritional treatment groups: controls (C-32) received a diet containing 32 percent casein as a protein source; prenatally protein malnourished subjects (PM-8) received a diet containing 8 percent casein. Total equals sum of days to criterion for all 3 tasks discriminating black from white, horizontal from vertical stripes, and circle from square. Table 1 ). ANOVA for total errors to meet the criterion showed similar results in that controls made significantly fewer mean errors than malnourished animals (F ϭ 11.13, d.f. ϭ 1, 16; P Ͻ 0.01). To control for weight differences at time of testing, we used an ANCOVA to test the data. Both errors to reach the criterion (F ϭ 5.43, d.f. ϭ 1, 15; P Ͻ 0.02) and days to criterion (F ϭ 11.06, d.f. ϭ 1, 15; P Ͻ 0.01) showed significant main effects of nutritional status. These results show that body weight was not a significant factor in visual discrimination learning in this marsupial.
Performance on specific tasks.-In the black or white task, malnourished subjects required significantly more time to reach the criterion than the controls (F ϭ 4.12, d.f. ϭ 1, 16; P Ͻ 0.05; Table 1 ). Similar results were obtained for malnourished animals as compared to control subjects on the horizontal or vertical (F ϭ 5.88, d.f. ϭ 1, 16; P Ͻ 0.02) and circle or square (F ϭ 6.03, d.f. ϭ 1, 16; P Ͻ 0.02) tasks.
DISCUSSION
The results of these experiments indicate that Petaurus breviceps can readily learn visual discrimination tasks in the Lashley apparatus, and that their performance is significantly impaired when they have been subjected to prenatal protein malnutrition. To our knowledge, this is the first demonstration of visual discrimination learning in marsupials and the effects of prenatal malnutrition on such tasks. In research using murid rodents, it is generally agreed that black or white discrimination represents the simplest of the 3 tasks (Galler and Manes 1980) . In rodents, prenatal protein malnutrition was reported to have no significant effect on black or white and circle or square tasks, although it did significantly impair performance on horizontal or vertical discrimination tasks (Castro and Rudy 1989) . Thus, the visual discrimination capacity of P. breviceps appears to be affected to a greater extent than it is in rodents.
Previous studies have shown that rats subjected to malnutrition during the prenatal period exhibit a reduction in dendritic arborizations in layer V pyramidal cells of the visual cortex (Cintra et al. 1990 ). These cells are known to play a role in visual discrimination tasks (Gormezano and Wasserman 1998; Morgane et al. 1992 ). This suggests that the visual cortex of marsupials might be more sensitive to prenatal protein malnutrition than in placental mammals.
Malnutrition is also known to impair the synthesis of certain neurotransmitters in mammalian central nervous systems (Scalzo 1992; Ungar 1970) . Because neurotransmitters are involved in synaptic transmission of nerve impulses, such an impairment could affect molecular events on postsynaptic membranes that are known to be involved in learning and memory processes (Krupa et al. 1993; Punzo 1996) . Future studies should focus on the effects of malnutrition on neurogenesis, synaptogenesis, growth, and neurochemistry of the marsupial brain.
Finally, visual discrimination is important for mammals that use visual stimuli to some extent to locate required resources. For example, many mammals learn to rec-ognize topographical features of their environment (i.e., distributional pattern of shrubs; the shapes of trees, rocks, hillsides, etc.) in order to reduce the amount of time spent in random search for nest sites and food caches (Greene and Cook 1997; Punzo 2000) . All of these behaviors involve visual discrimination and spatial learning abilities (Punzo and Madragon 2002) . Petaurus breviceps uses auditory, olfactory, and visual cues to locate food (Carthew 1994; Stoddart 1994) , and relies largely on visual information to assess the distance between trees and potential landing sites when gliding between trees (Jackson 2000a; Strahan 1995) . The results of this study suggest that the offspring of female sugar gliders that experience malnutrition during embryonic development will exhibit an impairment in the performance of visual discrimination tasks later in life, and that these deficits could adversely affect the survival ability of these marsupials.
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